Despite countermeasures against influenza virus that prevent (vaccines) and treat (antivirals) infection, this upper respiratory tract human pathogen remains a global health burden, causing both seasonal epidemics and occasional pandemics. More potent and safe new vaccine technologies would contribute significantly to the battle against influenza and other respiratory infections. Using plasmid-based reverse genetics techniques, we have developed a single-cycle infectious influenza virus (sciIV) with immunoprotective potential. In our sciIV approach, the fourth viral segment, which codes for the receptor-binding and fusion protein hemagglutinin (HA), has been removed. Thus, upon infection of normal cells, although no infectious progeny are produced, the expression of other viral proteins occurs and is immunogenic. Consequently, sciIV is protective against influenza homologous and heterologous viral challenges in a mouse model. Vaccination with sciIV protects in a dose-and replication-dependent manner, which is attributed to both humoral responses and T cells. Safety, immunogenicity, and protection conferred by sciIV vaccination were also demonstrated in ferrets, where this immunization additionally blocked direct and aerosol transmission events. All together, our studies suggest that sciIV may have potential as a broadly protective vaccine against influenza virus.
F
or centuries, the global community has been waging a war with the influenza A virus. Pandemics such as the 1918 "Spanish influenza" (H1N1), 1957 "Asian influenza" (H2N2), 1968 "Hong Kong influenza" (H3N2), and 2009 "swine influenza" (H1N1) ranged unpredictably in disease severity, but they all managed to become widespread in a matter of weeks (1, 2) . With the exception of "Spanish influenza," the remaining pandemics occurred despite vaccine technology that was developed in the early 1940s and that we still employ today (3) . Thus, perhaps it was not surprising that recent meta-analysis of the two Food and Drug Administration (FDA)-approved influenza vaccines (trivalent inactivated virus, TIV; live-attenuated influenza virus, LAIV) used to protect against influenza disease revealed a mere 35% effectiveness (4) .
Influenza virus belongs to the family Orthomyxoviridae of negative-sense, single-stranded RNA viruses, and that family is further divided into three types, A, B, and C, the first two of which cause significant respiratory disease in humans (5) . Influenza A virus causes seasonal epidemics and occasional pandemics that account for an average of 250,000 to 500,000 deaths worldwide each year (6) . Influenza A virus possesses two well-characterized mechanisms to escape host immunity: antigenic drift, where the viral glycoproteins gradually accumulate mutations to evolve a viral coat unrecognizable to preexisting antibodies (Abs), and antigenic shift, where two or more influenza A virus strains reassort in a coinfected individual to generate a novel virus whose glycoproteins have not been previously found in humans (2) . To fight emerging antigenic variants, extensive surveillance programs have been aimed at identifying novel circulating strains. The World Health Organization (WHO) uses surveillance data from the Global Influenza Surveillance Network (GISN) to select biyearly vaccine formulations based on the predominant strain (6) .
Both TIV and LAIV historically consist of three strains of influenza virus, two subtypes of influenza A virus (H1N1 and H3N2) and one influenza B virus. However, recent quadrivalent formulations of TIV and LAIV have been approved by the FDA that contain an additional strain of influenza B virus (7, 8) . The subtypes of influenza A virus are classified by the hemagglutinin (HA; 17 subtypes) and neuraminidase (NA; 9 subtypes) they possess, as these two envelope glycoproteins are the major antigenic determinants of the virus and are both necessary and intricately related (5, 9) . HA possesses receptor-binding and fusion functions, and NA possesses sialidase activity (also referred to as receptor-destroying activity), which is required for virus release (5) . Influenza can be inhibited by neutralizing antibodies (NAbs) that bind HA and block receptor attachment, and vaccine responses are most routinely measured by hemagglutination inhibition (HAI) assay, with a 4-fold increase in Ab titers after vaccination indicative of seroconversion (10) .
Both safety and protective efficacy are desirable when evaluating vaccine candidates. TIV is noninfectious and safe and is recommended for all people above 6 months of age (11) , but this vaccine relies on the generation of NAbs to the highly mutable viral glycoproteins, and immunogenicity is poor in patients above 65 years of age (4) . In contrast, LAIV mimics a natural infection and elicits robust protection in patients aged 6 months to 7 years (4), but due to possible complications in the very young and in patients with preexisting conditions, only healthy people aged 2 to 49 are recommended to receive it.
To overcome the shortcomings of current influenza vaccines, new technologies must be developed that safely produce broadly cross-reactive, protective immune responses. To create a robust immune response that is safe, single-cycle infectious influenza viruses (sciIV) offer a wider potential patient range than LAIV since sciIV is self-limiting and therefore likely to cause fewer complications. We have previously generated and characterized a sciIV that lacks the open reading frame (ORF) of HA within the fourth genomic segment and instead carries between the 3= and 5= noncoding regions and packaging signals the ORF for green fluorescent protein (GFP) (12) . SciIV is trans-complemented in vitro by HA-expressing cells and, within this context, behaves similarly to wild-type (WT) influenza virus. We used sciIV to infect mice intranasally and hypothesized that the virus would not cause severe pathology and, by following the route of natural infection, would provide protective mucosal immunity. We observed that sciIV is safe and immunogenic, suggesting that sciIV is a promising candidate to protect against future influenza virus infection. Heterosubtypic immunity was not conferred by transfer of immune sera alone and was retained only partially in the absence of T cells. SciIV provides homologous and heterologous protection that is partially dependent upon CD4 and CD8 T cells. Our vaccine approach might provide a safer alternative with a wider breadth of protection than that gained by LAIV or TIV.
MATERIALS AND METHODS

Cells and viruses.
Human embryonic kidney (293T) cells (ATCC CRL-11268) and Madin-Darby canine kidney (MDCK) cells (ATCC CCL-34) were maintained in Dulbecco's modified Eagle's medium (DMEM; Mediatech, Inc.) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals) and 1% P-S-G (penicillin, 100 units/ml; streptomycin, 100 g/ml; L-glutamine, 2 mM; Mediatech, Inc.). Cells were grown at 37°C in a 5% CO 2 atmosphere. MDCK cells constitutively expressing influenza A/WSN/33 H1N1 virus have been previously described (12) . MDCK cells stably expressing HA from A/California/4_NYICE_E3/09 (H1N1) (13) (pH1N1/E3-HA) were generated by cotransfecting pCAGGS pH1N1/ E3-HA and pCB7 (1:3 ratio) for eukaryotic expression of HA and hygromycin B resistance, respectively (12) . HA-expressing cells were grown in DMEM-10% FBS-1% P-S-G supplemented with 200 g/ml hygromycin B (12) . After viral infections, cells were maintained in DMEM containing 0.3% bovine serum albumin (BSA), 1% P-S-G, and 0.3 g/ml tosyl-sulfonyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma).
Influenza A/Puerto Rico/8/1934 virus (PR8; H1N1) (14) , a recombinant virus containing the HA and NA segments of A/Hong Kong/1/1968 (H3N2) in the background of PR8 (X31) (15) , and the prototypic pandemic influenza A/California/04_NYICE_E3/2009 virus (pH1N1/E3; H1N1) (13) were prepared in eggs as described previously (13, 16, 17) . PH1N1/E3 is a spontaneous laboratory adaptation of A/California/04/ 2009 (pH1N1) that contains 1 mutation (D107G) in the nucleoprotein (NP) and 3 mutations (K136N, S200P, and D239G) in the receptor-binding domain of HA (13) . Virus titers for immunization and challenge experiments were determined by immunofocus assay (with results quantified in fluorescent focus-forming units [FFU]) as described below or by standard plaque assay (with results quantified in PFU) in MDCK cells as described previously (18) . WSN-sciIV was generated as previously published (12) and has the ORF of GFP substituted into the fourth segment. WSN-sciIV was amplified on MDCK-HA cells, and virus titers were determined by plaque assay as described above but in MDCK-HA cells (12) . For virus titration in multicycle analyses and lung or nasal titrations, FFU/ml were enumerated using a fluorescence microscope with fluorescent viruses or secondary Ab detection with a monoclonal Ab (MAb) against influenza virus NP (HT103), as described below.
Construction of plasmids. The reverse genetics plasmids used to generate pH1N1/E3-sciIV (19) and the plasmid pPolI HA(45)GFP(80) have been previously described (20) . Plasmid pCAGGS pH1N1 HA was generated by reverse transcription-PCR (RT-PCR) from RNA isolated from pH1N1-infected MDCK cells and cloned into pCAGGS using EcoRI and XhoI (New England BioLabs). Construction of pCAGGS pH1N1/E3 HA was performed by isolating RNA from pH1N1/E3-infected MDCK cells and using RT-PCR to amplify the viral cDNA of HA. Restriction enzymes SacI and NsiI (New England BioLabs) were used to subclone the fragment of pH1N1/E3 that contained 3 mutations (K136N, S200P, and D239G) into pCAGGS pH1N1 HA using a rapid DNA ligation kit (Promega). All plasmids were generated using standard cloning techniques and purified using a Wizard SV kit (Promega). Primers for the generation of the described plasmid constructs are available upon request. All plasmid constructs were verified by DNA sequencing.
Transient HA complementation of sciIV. Parental MDCK cells were transfected with 1 g of pCAGGS HA-protein expression plasmids and Lipofectamine 2000 (1:1 ratio) and, 16 h posttransfection, infected with WSN-sciIV (12) . Transient complementation was monitored by GFP expression 24 and 48 h postinfection using a fluorescence microscope (DM IRB; Leica). Empty pCAGGS plasmid was used as a negative control.
Rescue of pH1N1/E3-sciIV. Rescue of pH1N1/E3-sciIV from plasmid DNA was performed in a manner similar to that previously described for WSN-sciIV (12) . Briefly, cocultures (1:1) of 293T/MDCK WSN-HA (6-well plate format, 10 6 cells) were cotransfected, in suspension, using Lipofectamine 2000 (Invitrogen) with 1 g each of the seven pH1N1 ambisense plasmids (pDZ PB2, PB1, PA, NP, NA, M, and NS) (19) , pPolI HA(45)GFP(80) (20) , and pCAGGS pH1N1/E3-HA to facilitate viral rescue (12) . Sixteen hours posttransfection, the media were replaced with DMEM containing 0.3% BSA, 1% P-S-G, and 0.3 g/ml TPCK-treated trypsin (Sigma). At 48 h posttransfection, tissue culture supernatant (TCS) was collected, clarified, and used to infect fresh WSN HA-expressing MDCK cells (6-well plate format, 10 6 cells). Three days postinfection, virus was plaque purified and scaled up in MDCK pH1N1/E3-HA cells at 34°C and 5% CO 2 for 3 days (19) . Virus stocks were generated by infecting confluent 10-cm-diameter dishes of MDCK pH1N1/E3 at a low multiplicity of infection (MOI) (0.001) for 3 days as described above. Stocks were titrated by plaque assay on MDCK WSN-HA cells as previously described (12) .
Indirect immunofluorescence assay (IFA). For cell line characterization, monolayers of parental or HA-expressing MDCK cells (10 5 cells, 48-well plate format) were fixed with 4% paraformaldehyde for 15 min at room temperature and blocked overnight with 2.5% BSA at 4°C. Cells were then incubated with 1 g/ml of MAbs (2G9, anti-WSN HA [12] ; 31C2, anti-pH1N1 HA [21] ) for 1 h at 37°C. After washes with 1ϫ phosphate-buffered saline (1ϫ PBS), cells were incubated with secondary antimouse fluorescein isothiocyanate (FITC) (Dako) (1:150) and 4=,6=-diamidino-2-phenylindole (DAPI; Research Organics) (1:1,000) for 30 min at 37°C. Cells were visualized using a fluorescence microscope, photographed (Cooke Sensicam QE) at ϫ40 magnification, and colored and merged using Adobe Photoshop CS4 (v11.0) software. Fields representative of at least three independent fields are shown.
For virus characterization, monolayers of MDCK cells (2.5 ϫ 10 5 cells, 24-well plate format) were infected at an MOI of 5. Ten hours postinfection, cells were fixed as described above and permeabilized with 0.2% Triton X-100. Viral NP was detected with HT103 primary and anti-mouse Alexa-594 (Jackson ImmunoResearch Laboratories, Inc.) (1:1,000) secondary Abs.
Growth kinetics of recombinant viruses. To evaluate the replicative capabilities of sciIV, confluent monolayers of MDCK-HA stable cell lines (6-well plate format, 10 6 cells) were infected at an MOI of 0.001 in triplicate and incubated at 34°C for pH1N1 viruses or 37°C for WSN viruses for 3 days (12) . At indicated times postinfection (12, 24, 48 , and 72 h), GFP expression was assessed by fluorescence microscopy, and viral titers in the TCSs were measured by evaluating FFU/ml with a fluorescence microscope in an immunofocus assay. Briefly, triplicate wells of MDCK WSN-HA cells (96-well format, 5 ϫ 10 4 cells) were infected with 10-fold serial dilutions of TCS. Eighteen hours postinfection, cells were washed with 1ϫ PBS and foci were visualized and enumerated using a fluorescence microscope. Titrations of WT viruses were performed in a manner similar to that described above, but individual infected cells were detected 10 h postinfection by immunofluorescence of the influenza virus NP us-ing MAb HT103 to determine FFU/ml. Mean values and standard deviations were calculated using Microsoft Excel software.
To evaluate the complementation of MDCK-HA cells or the growth phenotype of sciIV, plaque phenotype analysis was performed in parental, WSN-HA, or pH1N1/E3-HA MDCK cells. Briefly, confluent monolayers (10 6 cells, 6-well plate format) were infected and incubated for 3 days in agar-containing postinfection media at 37°C or 34°C for WSN or pH1N1 backbone viruses, respectively. Monolayers were stained with crystal violet.
Assays to determine NAbs. Virus neutralization (VN) assays were performed against pH1N1 virus as previously described (22) with ferret sera. Briefly, sera were treated with receptor-destroying enzyme (RDE) following the instructions of the manufacturer (Denka Seiken) prior to heat inactivation and serially diluted 2-fold in a 96-well plate. Two hundred PFU of pH1N1 was then added to Ab dilutions at a 1:1 ratio and incubated for 1 h at room temperature. Confluent monolayers of MDCK cells (96-well plate format, 5 ϫ 10 4 cells) were then infected for 1 h at room temperature with the virus-Ab mixture and incubated for 3 days at 34°C. Neutralization was determined by hemagglutination assay (HA) using a 96-well plate format and TCS with 0.5% turkey red blood cells (RBCs) for 30 min on ice as previously described (13) . Triplicate wells were used to calculate the geometric mean titer (GMT).
Hemagglutination inhibition (HAI) assays were used to determine the HA-neutralizing capabilities of immune mice or ferret sera. Mouse or ferret sera were RDE treated (Sigma or Denka Seiken, respectively) prior to heat inactivation for 30 min at 56°C and mixed 1:1 with 4 hemagglutinating units (HAU) of pH1N1/E3 or pH1N1 for mice or ferret sera, respectively, for 30 min at room temperature. HAI was visualized by adding 0.5% turkey RBCs to virus-Ab mixtures for 30 min on ice as previously described (13) .
Animal experiments. For mouse immunization and challenge experiments, female 6-to-8-week-old C57BL/6 mice were purchased from The Jackson Laboratory and maintained at the University of Rochester under specific pathogen-free conditions. All mouse experiments were approved by the University Committee of Animal Resources and complied with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Research Council (28a). For vaccinations and infections, mice were anesthetized intraperitoneally (i.p.) with 2,2,2 tribromoethanol (Avertin; 240 mg/kg of body weight) and then inoculated intranasally (i.n.) with 30 l of virus preparations as indicated. For immunizations, mice received one or two doses at 2-week intervals of nonor UV-inactivated pH1N1/E3-sciIV (10 2 to 10 5 FFU/mouse, as indicated) or 30 PFU pH1N1/E3 (for generation of convalescent-phase sera or evaluation of CD8 ϩ T cells in lungs). For the challenge, mice were inoculated with 1.5 ϫ 10 3 PFU pH1N1/E3, 10 3 PFU PR8, or 10 4 PFU X31. Morbidity was monitored by body weight loss after immunization or vaccination, as well as by clinical signs of infection (hunching, ruffling of fur, malaise, or respiratory distress). Each day, percent body weight was determined relative to starting weight prior to manipulation. Mice losing greater than 30% body weight were euthanized humanely. At 3 and 6 days postchallenge, lungs were surgically extracted, placed into an Eppendorf tube, and frozen on dry ice. Virus titers were determined from homogenized lung preparations. T cells from the lungs were collected by placing lungs in DMEM and were purified as previously described (18) using Histopaque 1083 purification (Sigma).
For ferret immunization and challenge and transmission experiments, 5-month-old male Fitch ferrets (Triple F Farms) seronegative for pH1N1 were used. Animals were maintained in modified transmission cages as previously described (23) Virus titers in homogenized mouse lungs or ferret nasal washes were determined by infecting triplicate wells of confluent MDCK cells (96-well plate format, 5 ϫ 10 4 cells) with 10-fold serial dilutions of virus. Ten hours postinfection, cells were fixed and permeabilized (4% formaldehyde-0.5% Triton X-100 -1ϫ PBS) for 15 min at room temperature, stained with primary anti-NP MAb HT103 (24) for 1 h at 37°C, washed with 1ϫ PBS, and then stained with secondary anti-mouse FITC (Dako, 1:150) for 1 h at 37°C. NP-expressing cells were enumerated to determine the virus titer (FFU/ml). Geometric mean titer and statistical analyses (MannWhitney test) were performed using GraphPad Prism software.
Viral UV inactivation. For UV inactivation, sciIV was placed in uncovered 12-well plates and exposed to shortwave UV radiation at 254 nm (Mineralight UV lamp, UV S-68; Ultra-Violet Products) for 20 min on ice at a distance of 6 cm (25) . Following UV irradiation, infectivity was measured as the 50% tissue culture infectious dose (TCID 50 ) in MDCK WSN-HA cells. Briefly, confluent MDCK WSN-HA cells (96-well plate format, 5 ϫ 10 4 cells) were infected with 10-fold serial dilutions of mockor UV-treated virus for 3 days at 34°C before crystal violet staining.
Passive immune transfer. Two weeks following prime and boost vaccination with 10 5 FFU pH1N1/E3-sciIV, mouse sera were collected and individually verified for anti-influenza virus Ab concentrations comparable to those of convalescent-phase sera by enzyme-linked immunosorbent assay (ELISA; data not shown). Pooled sera were diluted 1:1 in 1ϫ PBS, and 200 l was transferred intraperitoneally (i.p.) into naive mice 24 h prior to challenge with the indicated viruses.
ELISA. Mouse sera were collected 24 h prior to challenge by submandibular bleeding and stored at Ϫ20°C. ELISAs were performed by coating plates for 18 h at 4°C with lysates from mock-or pH1N1/E3-infected MDCK cells (MOI of 0.005, 24 h postinfection; total anti-influenza virus Abs) or with 2 g/ml of recombinant protein (PR8 NP, a gift from Troy D. Randall; pH1N1 HA, NR-13691, BEI Resources). After blocking with 1% BSA was performed, plates were incubated with 2-fold dilutions of sera for 1 h at 37°C, washed with H 2 O, and incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Southern Biotech) (1:2,000) for 30 min at 37°C. Reactions were then developed with TMB substrate (BioLegend) for 5 min at room temperature, quenched with 2N H 2 SO 4 , and read at 450 nm (Vmax kinetic microplate reader; Molecular Devices).
Flow cytometry. To determine the presence of T cells in the lungs of mice, flow cytometry was performed on isolated cells 10 days postimmunization or postinfection with 30 PFU pH1N1. Briefly, cells were washed with staining buffer (1ϫ PBS-1% FBS), blocked with anti-CD16/32 for 20 min, and then stained with the following Abs for 30 min at 4°C: CD3ε allophycocyanin (APC) (145-2C11), CD4 phycoerythrin (PE)-Cy5 (RM4-5), CD8 APC-Cy7 (53-6.7) (purchased from BD Pharmingen), and Live/Dead violet (Invitrogen). Cells specific for influenza were identified using PE-conjugated H2-D b /influenza virus pH1N1/E3 NP 366 -374 prepared by the NIH Tetramer Core Facility at Emory University (26) . Samples were analyzed by the use of an LSR II system (BD Biosciences) and data analyzed using FlowJo software (Tree Star) and statistical analyses performed using GraphPad Prism software (student's one-tailed t test).
T cell depletion. Immunized mice were depleted of T cells by three i.p. injections (challenge days Ϫ2, 0, and 2) consisting of 100 g per dose as previously described (13) with anti-CD4 (GK1.5) or anti-CD8 (2.43) from BioXCell or isotype (rat IgG2b; eBioscience).
RESULTS
Generation and characterization of pH1N1/E3-sciIV. Our previous studies (12) have demonstrated that sciIV based on the genetic backbone of A/WSN/33 (WSN) could be generated where the coding region of HA that is not required for segment packaging was replaced with that of GFP. The HA-deficient influenza virus obtained was efficiently complemented in HA-expressing MDCK cell lines (12) . Using a similar strategy, we intended to establish a sciIV based on the genetic backbone of the 2009 To generate an MDCK-HA cell line that pseudotypes sciIV with HA from pH1N1 ( Fig. 1) , we initially cloned the HA of the WT pH1N1 into the pCAGGS vector (pH1N1-HA) and transfected MDCK cells before infection with WSN-sciIV. However, upon several trials, we could not achieve successful complementation of sciIV, as indicated by the absence of green fluorescence (Fig. 1A) , although HA was indeed present and recognized by an anti-pH1N1 MAb (data not shown). The original isolate of the pH1N1 virus does not replicate well in MDCK cells but can be made to propagate well in vitro if critical mutations are incorporated into the receptor-binding pocket of HA (13, 27, 28 ). An example is the pH1N1/E3 virus generated in our laboratory by selection of a high-growth clone of pH1N1 in 10-day-old embryonated chicken eggs (13) . Therefore, we cloned the HA of pH1N1/E3 into pCAGGS (pH1N1/E3-HA) and tested it in transient complementation with the WSN-sciIV. Successful complementation of sciIV using pCAGGS pH1N1/E3-HA was achieved as indicated by green fluorescence 24 and 48 h postinfection (Fig.  1A) . We consequently generated MDCK stable cell lines expressing pH1N1/E3-HA as previously described (12) (Fig. 1B) that could be used to complement a WSN-sciIV to levels comparable to those of WSN HA-expressing stable cell lines, as shown by GFP expression (Fig. 1C) , multicycle growth kinetics (Fig. 1D) , and plaque phenotype (Fig. 1E) . Interestingly, the plaque size of WSNsciIV in the pH1N1/E3-HA cell line was slightly less than that seen with WSN-HA stable cells. We performed a GFP-based microneutralization assay (12) using specific neutralizing antibodies that confirmed the identity of the HA-pseudotyped viruses with either WSN or pH1N1/E3 HA (data not shown).
With the pH1N1/E3-HA cell lines established, we sought to generate a pH1N1 backbone sciIV (pH1N1/E3-sciIV) using pH1N1 plasmid-based reverse genetics as previously described (19) . To characterize the pH1N1/E3-sciIV (Fig. 2) , we first verified that infected cells expressed GFP and nucleoprotein (NP) simultaneously ( Fig. 2A) . We next demonstrated that only HA-expressing cells could complement the virus by GFP propagation (Fig.  2B) and that similar levels of FFU were generated in the WSN-and pH1N1/E3-HA cell lines (Fig. 2C) . In comparisons of pH1N1/E3-sciIV to pH1N1/E3 WT, pH1N1/E3 WT replicates more efficiently, as determined by multicycle growth (Fig. 2D ) and plaque formation (Fig. 2E) . The efficiency might perhaps be due to the relative abundance of HA generated by RNA polymerase II (in the case of the stable cell line) versus the viral promoter as previously observed (12) . Because we believed that pH1N1/E3-sciIV would lead to a single round of infection and gene expression in normal cells or in vivo, we evaluated the ability of pH1N1/E3-sciIV to infect both parental and HA-expressing cells at a high MOI by GFP expression (Fig. 2F) . As previously shown (12) , infection of non HA-expressing MDCK cells with a high MOI of the pH1N1/ E3-sciIV resulted in 100% GFP expression. These results demonstrate that, similarly to WSN-sciIV (12), pH1N1/E3-sciIV grows with kinetics comparable to those of pH1N1 in MDCK-HA cells but can replicate for only one cycle in cells lacking HA.
pH1N1/E3-sciIV induces an Ab response. Although pH1N1/ E3-sciIV can replicate only once within the airway target cells that lack influenza HA expression, the replication and transcription of other viral proteins after infection suggest that Abs could be elicited for some, if not all, of the remaining components of pH1N1/ E3-sciIV. To test this, groups of mice were i.n. inoculated once or twice at 2-week intervals. Two weeks postprime (one dose) or postboost (two doses), sera were collected to measure Abs against total pH1N1/E3 virus, NP, or HA. Additionally, HAI was used to examine the antiviral activity of the sera from immunized mice ( Table 1) . As seen in Fig. 3 , Abs against total pH1N1/E3 virus were detectable after prime and were enhanced significantly after boost to a level that is comparable to that seen with WT pH1N1/E3 convalescent mice (Fig. 3A) . To test if Abs were generated against an influenza virus protein that was expressed upon viral replication in situ, we determined anti-NP IgG Abs (Fig. 3B ) in inoculated mice. Anti-NP IgG Abs were produced to levels comparable to those seen with convalescent mice. In contrast, and as expected, anti-HA Abs were detectable only slightly and the levels from pH1N1/E3-sciIV prime-boost mice were significantly lower than those seen with convalescent mice (Fig. 3C ). All together, these results indicate that although the Ab immune response is activated with a single dose of pH1N1/E3-sciIV, two doses achieve humoral responses to the whole virus at comparable levels of convalescence. As expected, infection with sciIV does not induce high levels of anti-HA Ab titers, because the virus lacks the ability to replicate and express the HA protein upon infection.
pH1N1/E3-sciIV elicits a CD8 T cell response. To further examine the immunogenicity of pH1N1/E3-sciIV, we evaluated if the virus can induce a localized CD8 T cell response. Mice were given a prime and boost with 10 5 FFU pH1N1/E3-sciIV or a 0.02 50% mouse lethal dose (MLD 50 ) of WT pH1N1/E3 virus. Ten days postinfection, lungs samples were collected and single-cell preparations made for flow cytometric analysis. Live, CD8 T cells were further gated for a pH1N1/E3-specific population by using a tetramer specific for H2-D b -restricted NP366 peptide derived from pH1N1/E3 NP. As shown in Fig. 3D , the i.n. prime-boost strategy with pH1N1/E3-sciIV led to elevated levels of NP366-specific lung CD8 cells similar to those induced by WT pH1N1/E3 and both results were individually statistically significant compared to the results seen with mock-immunized mice. The data presented indicate that protein delivered and replicated by pH1N1/E3-sciIV can elicit a specific and tissue-homing acute CD8 T cell response.
Vaccination with pH1N1/E3-sciIV confers full protection against homologous virus challenge. After observing that immunization with pH1N1/E3-sciIV can generate both Ab and CD8 T cell responses, we sought to evaluate if a single cycle of replication by pH1N1/E3-sciIV elicited a measurable level of immunity and provided protection against influenza virus challenge (Fig. 4) . To that end, mice were primed once or twice with 10 5 FFU of pH1N1/ 
FIG 3
Immunogenicity of pH1N1/E3-sciIV in mice. (A to C) Humoral immune response to vaccination. Female 6-to-8-week-old C56BL/6 mice (n ϭ 5) were inoculated at 2-week intervals i.n. with 10 5 FFU of pH1N1/E3-sciIV once (orange triangles, prime only) or twice (red triangles, prime plus boost) or with PBS (black circles) as a negative control. Two weeks postvaccination, sera were collected and evaluated for IgG Abs against total influenza virus protein (A), recombinant NP from PR8 (B), or recombinant HA from pH1N1 (C) by ELISA. Convalescent-phase sera (green) collected 2 weeks after naive mice were infected with 0.02 MLD 50 pH1N1/E3 were used as a positive control (n ϭ 3). Data represent means Ϯ standard errors of the means (SEM) of the results from 4 independent experiments. Ag, antigen; OD, optical density.
(D) CD8
ϩ T cells present in the lungs after immunization with pH1N1/E3-sciIV. Female 6-to-8-week-old C56BL/6 mice were inoculated twice at 2-week intervals i.n. with 10 5 FFU of pH1N1/E3-sciIV or PBS (Naive) or were infected with 0.02 MLD 50 pH1N1/E3 (n ϭ 3). Ten days after the final vaccination or infection, lungs were extracted and resident cells were pooled and prepared for flow cytometry. Live, CD3 ϩ CD4 Ϫ CD8 ϩ cells specific for pH1N1 NP 366-374 tetramer were counted. Data represent means Ϯ SEM of the results from 4 independent experiments. Statistical analysis was performed using Student's one-tailed paired t test. * ϭ P Յ 0.05; ** ϭ P Յ 0.01; ns ϭ not significant. E3-sciIV and then challenged with 10 MLD 50 of pH1N1/E3 (Fig.  4A) . To determine any gross morbidity induced by sciIV vaccination, we followed the body weight loss of mice for 2 weeks following prime or boost (Fig. 4B) . As expected, mice did not lose any body weight after vaccination, because sciIV is not complemented within mouse airways. Moreover, sciIV-immunized mice were protected from the challenge, whereas PBS immunized mice rapidly lost weight and all succumbed to infection (Fig. 4C and Fig.  4D ). To quantify the benefit of prime versus prime-boost with sciIV, the amount of challenge virus in the lungs was measured at day 3 and day 6 postchallenge (Fig. 4E) . The prime-boost regimen resulted in a lower geometric mean virus titer at day 3 than the prime regimen, though one animal had comparable titer levels, likely due to an inefficient vaccination. At day 6 postchallenge, both prime and prime-boost animals did not have detectable levels of challenge virus in the lungs. Taken together, these data suggest that one or two doses of pH1N1/E3-sciIV can afford mice full protection against a lethal influenza virus challenge.
Protection conferred by pH1N1/E3-sciIV is replication and dose dependent. To evaluate if the sciIV inoculum must be infectious in order to induce protection, we inactivated the pH1N1/E3-sciIV preparation prior to inoculation using UV light exposure (Fig. 5) . UV-inactivated sciIV did not produce a measurable TCID 50 titer (Fig. 5A) , and priming did not lead to the generation of detectable HAI titers (Table 1) or total anti-influenza IgG Abs (Fig. 5B) . When mice were challenged after receiving UV-inactivated sciIV, they were not fully protected from pH1N1/E3 challenge, as indicated by rapid weight loss (Fig. 5C), death (Fig. 5D) , and viral titers comparable to those seen with mock-immunized mice at 6 days postchallenge (Fig. 5E) . Interestingly, half of the mice died from infection whereas the other half eventually recovered, which could be reflective of the antigen dose, suggesting that infection and replication of pH1N1/E3-sciIV are required for complete protection against a lethal challenge with the pH1N1/E3 WT virus.
To examine whether the observed protection afforded by vaccination with pH1N1/E3-sciIV is dose dependent (Fig. 6) , we inoculated mice once or twice with 10-fold dilutions of pH1N1/E3-sciIV (10 2 to 10 5 FFU per mouse). We first evaluated the total Ab responses from immunized mice ( Fig. 6A and E) . As expected, total levels of anti-influenza virus Abs directly correlated with the amount of pH1N1/E3-sciIV. After challenge with 10 MLD 50 of pH1N1/E3, mice that received one dose of 10 4 FFU of pH1N1/E3-sciIV demonstrated a slight weight loss (Fig. 6B ) but significantly less viral lung replication compared to mock-immunized mice detected at day 3 and day 6 (Fig. 6D) , and all animals quickly Tolerability of pH1N1/E3-sciIV. Female 6-to-8-week-old C56BL/6 mice were inoculated at 2-week intervals i.n. with 10 5 FFU of pH1N1/E3-sciIV once or twice or with PBS as a negative control (n ϭ 5). Weight loss was monitored daily for 2 weeks after the PBS or first (or ange triangles, prime only) or second (red triangles, prime plus boost) sciIV inoculation. Plotted data represent means Ϯ SEM. (C and D) Protection from lethal challenge conferred by pH1N1/E3-sciIV vaccination. Immunized mice from the experiment described for panel B were challenged with 10 MLD 50 pH1N1/E3, and weight loss (plotted data represent means Ϯ SEM) (C) and survival (D) were monitored daily for 2 weeks postchallenge. (E) Virus lung titers. Mice immunized and challenged as described for panels B and D were sacrificed at 3 and 6 days postchallenge (dpc) to evaluate levels of replicating challenge virus in the lungs by IFA as described for Fig. 2D (n ϭ 3) . Symbols represent data from individual mice; bars represent geometric mean lung virus titers, and the dotted line denotes the limit of detection (20 FFU/ml). Statistical analysis was performed using the Mann-Whitney test; * ϭ P Յ 0.05. recovered and survived (Fig. 6C) . Boosting with this same dose provided full protection against the challenge, as shown by the absence of weight loss (Fig. 6F) , significantly diminished viral titers in the lungs (Fig. 6H) , and no animal death ( Fig. 6C and G) . When mice were primed once with 10 3 FFU of pH1N1/E3-sciIV, weight loss (Fig. 6B ) and virus replication in the lungs (Fig. 6D) after the challenge were similar to those seen with the group with no priming and the majority died within 8 days (Fig. 6C) . However, of the group receiving the 10 3 FFU prime only, one mouse lost only 15% body weight and recovered (Fig. 6C) and another had no evidence of virus in the lungs (Fig. 6D) . However, the mice receiving both a prime and boost with 10 3 FFU of pH1N1/E3-sciIV all survived (Fig. 6G) , lost less weight (Fig. 6F) , and exhibited hastened virus clearance at day 6 postchallenge (Fig. 6H) . The mice given a prime of 10 2 FFU of pH1N1/E3-sciIV lost weight quickly after the challenge (Fig. 6B) and had high levels of viruses in the lungs (Fig. 6D) , and none survived (Fig. 6C) . When given two doses of 10 2 FFU pH1N1/E3-sciIV, mice still suffered rapid weight loss (Fig. 6F) and had high viral titers in the lungs (Fig. 6H ) and more than half died (Fig. 6G) , although a small portion of animals recovered. Taken together, the data indicate that protective immunity induced by the pH1N1/E3-sciIV is dose dependent and that the prime-boost strategy gives better protection.
Immunization with pH1N1/E3-sciIV provides protection against heterologous virus challenge. After we observed that pH1N1/E3-sciIV vaccination could provide protection against homologous pH1N1/E3 virus challenge, we further investigated the breadth of immunity conferred by sciIV vaccination (Fig. 7) . To this end, we used the prime-boost strategy to inoculate mice with 10 5 FFU of pH1N1/E3-sciIV, as this dose confers optimal protection against homologous virus challenge. For heterologous viral challenge, we used laboratory-adapted influenza A/Puerto Rico/ 8/1934 virus (H1N1; PR8) ( Fig. 7B ) and a reassortant X31 H3N2 virus, which carries the same six internal segments as PR8 virus and the HA and NA segments from the A/Hong Kong/1/1968 (H3N2) strain of influenza virus (Fig. 7C) . As an internal control, we challenged mice with the pH1N1/E3 virus (Fig. 7A) , as in previous experiments. Vaccinated mice challenged with a lethal dose of PR8 experienced a slight loss of weight (Fig. 7Bi) and regained the weight after day 3, whereas PBS-treated mice drastically lost weight and succumbed to viral infection by day 6 (Fig. 7Bii) . In addition, virus replication was, significantly, 3 logs less in the lungs of immunized mice at day 3 compared to those of mice that were mock immunized (Fig.  7Biii) , and the virus was cleared by day 6, whereas mock-immunized animals succumbed to infection by that time. When challenged with X31, nonvaccinated mice experienced mild morbidity with quick recovery as shown by a moderate loss of body weight (Fig. 7Ci) . In contrast, with pH1N1/E3-sciIV vaccination, such weight loss was not observed. Furthermore, the viral lung titers were also significantly lower in the primed animals at 3 and 6 days postchallenge (Fig. 7Ciii) . All vaccinated and nonvaccinated mice survived X31 challenge due to the limited lethality of 10 4 PFU in C57BL/6 mice (Fig. 7Cii) . As previously shown and as expected, all vaccinated mice that received homologous challenge did not lose weight (Fig. 7Ai) and survived (Fig.  7Aii ) with undetectable levels of pH1N1/E3 virus in the lungs at days 3 and 6 postinfection (Fig. 7Aiii) . These results indicate that pH1N1/ E3-sciIV vaccination induces broad immunity to both homologous and heterologous virus infections.
Immune mechanisms for pH1N1/E3-sciIV mediated protection. We have observed that inoculation with pH1N1/E3-sciIV Immunogenicity of UV-inactivated sciIV. Female 6-to-8-week-old C56BL/6 mice were inoculated twice at 2-week intervals i.n. with 10 5 FFU of pH1N1/E3-sciIV that was (purple triangles; UV-inactivated sciIV) or was not (red triangles; 'Live' sciIV) exposed to UV light on ice for 20 min or with PBS (black circles) as a negative control (n ϭ 5). Two weeks postvaccination, sera were collected and evaluated for IgG Abs against total influenza virus protein by ELISA. Convalescent-phase sera (green) were used as a positive control (n ϭ 3); plotted data represent means Ϯ SEM. (C and D) Protection from lethal challenge by pH1N1/E3-sciIV vaccination. Immunized mice from the experiment described for panel B were challenged with 10 MLD 50 pH1N1/E3, and weight loss (C) (plotted data represent meana Ϯ SEM) and survival (D) were monitored daily for 2 weeks postchallenge. (E) Virus lung titers. Mice immunized and challenged as described for panels C and D were sacrificed at 3 and 6 days postchallenge to evaluate levels of replicating challenge virus in the lungs by IFA (n ϭ 3). Symbols represent individual mice; bars represent geometric mean lung virus titers, and the dotted line denotes the limit of detection (20 FFU/ml). Statistical analysis was performed using the Mann-Whitney test; * ϭ P Յ 0.05.
FIG 6
Dose-dependent immunogenicity and protective efficacy conferred by sciIV vaccination. Female 6-to-8-week-old C56BL/6 mice were inoculated once (A to D, dotted lines) or twice (E to H, solid lines) at 2-week intervals i.n. with 10-fold dilutions of pH1N1/E3-sciIV (red, 10 5 ; orange, 10 4 ; yellow, 10 3 ; pink, 10 2 ) or with PBS (black) as a negative control (n ϭ 5). Two weeks postvaccination, sera were collected and evaluated for IgG Abs against total influenza virus protein by ELISA (A and E; plotted data represent means Ϯ SEM). Convalescent-phase sera (green) were used as a positive control (n ϭ 3). Immunized mice from the experiment described for panels A and E were challenged with 10 MLD 50 pH1N1/E3, and weight loss (B and F; plotted data represent means Ϯ SEM) and survival (C and G) were monitored daily for 2 weeks postchallenge. (D and H) Virus lung titers. Mice immunized and challenged as described above were sacrificed at 3 and 6 days postchallenge to evaluate levels of replicating challenge virus in the lungs by IFA (n ϭ 3). The experiments represented in panels D and H were performed simultaneously; thus, the same PBS-vaccinated controls were plotted in both graphs. Symbols represent individual mice; bars represent geometric mean lung virus titers, and the dotted line denotes the limit of detection (20 FFU/ml). Statistical analysis was performed using the Mann-Whitney test; * ϭ P Յ 0.05. could induce protective immunity from both homologous and heterologous influenza viruses, suggesting that both Abs and CD8 T cell immunity may mediate the protection (13) . To confirm the potential involvement of Abs in protection, we transferred immune sera to naive mice (Fig. 8) . Sera collected from mock-immunized mice or from mice receiving a prime-boost with 10 5 FFU pH1N1/E3-sciIV were pooled, and 100 l was transferred i.p. into individual naive mice before challenge 1 day later with pH1N1/E3 (Fig. 8A) or PR8 (Fig. 8B) viruses (n ϭ 11) . When naive mice receiving the control sera collected from mock-immunized mice were challenged with a lethal dose of pH1N1/E3, rapid weight loss occurred (Fig. 8Ai ) and all died within 9 days postchallenge (Fig.  8Aii) . In contrast, naive mice receiving sera from pH1N1/E3-sciIV-immunized animals displayed modest weight loss, four of five animals recovered from challenge, and the level of virus detected in the lungs at 3 and 6 days postchallenge was significantly lower than that detected in the lungs of the group that received control sera (Fig. 8Aiii) . However, upon lethal challenge with PR8, mice receiving sera from either PBS-or pH1N1/E3-sciIV-immunized mice showed dramatic weight loss (Fig. 8Bi ) and all died (Fig. 8Bii ). These data demonstrate that antigenically wellmatched Abs induced by sciIV can be highly protective, even against lethal challenge. However, challenge with a virus that is a poor antigenic match requires more than just cross-reactive Abs and may also rely on the T cell response induced by sciIV.
To address the importance of T cells in protection conferred by sciIV immunization, immune mice were depleted of CD4 or CD8 or both CD4 and CD8 T cells at the time of challenge by injecting subset-specific Abs prior to challenge (Fig. 9) (13) . To focus on T cell responses, mice were challenged with PR8 (n ϭ 11), which we demonstrated to not be controlled by passive immune transfer of Abs generated through pH1N1/E3-sciIV vaccination (Fig. 8B) . At 3 days postchallenge, lungs were harvested and we found by flow cytometry that the Ab depletion of T cells was successful (data not shown). The depleted groups showed no significant increase in weight loss compared with the positive control (Isotype Ab) ( 4 PFU X31 (C, blue triangles) and weight loss (panels i; plotted data represent means Ϯ SEM) and survival (panels ii) were monitored daily for 2 weeks postchallenge. (iii) Virus lung titers. Mice immunized and challenged as described above were sacrificed at 3 and 6 days postchallenge to evaluate levels of replicating challenge virus in the lungs by IFA (n ϭ 3). Symbols represent individual mice; bars represent geometric mean lung virus titers, and the dotted line denotes the limit of detection (20 FFU/ml). Statistical analysis was performed using the Mann-Whitney test; * ϭ P Յ 0.05. §, no mice surviving at time of lung extraction.
9A). The most profound effect of depletion was seen in mice that were depleted of both CD4 and CD8 T cells, where one out of five mice died (Fig. 9B) . However, both the group that received anti-CD8 alone and the group that received anti-CD8 and anti-CD4 had significantly higher geometric mean viral lung titers than the control isotype group at day 6 postchallenge (Fig. 9C) , though no significant difference was observed at day 3 (data not shown). Additionally, all immunized groups had significantly less detectable virus in the lungs than mock-immunized animals at day 6 (statistics not represented). Taken together, the data suggest that both CD4 and CD8 T cells induced by sciIV can contribute to protection from lethal challenge, as suggested by the higher viral titers in both the CD8-and the CD4-plus-CD8-depleted groups. The results do not rule out a contribution of mucosal Abs, and we cannot exclude the possibility of an additive or synergistic role for both the cell-mediated and humoral responses (29) .
Ferrets immunized with pH1N1/E3-sciIV are protected from influenza virus challenge and do not transmit virus. We sought to evaluate if the mechanisms of protection conferred by pH1N1/ E3-sciIV immunization in mice translated to another animal model (Fig. 10) . Ferrets are invaluable for influenza research, because, like humans, their sialic acids contain ␣2,6 linkages in the 5 FFU of pH1N1/E3-sciIV or with PBS as a negative control (n ϭ 5). Two weeks after the final vaccination, sera were collected over the course of 1 week, checked for seroconversion by ELISA against total influenza virus protein (data not shown), and pooled. Naive mice received 100 l of immune (sciIV sera, filled symbols) or nonimmune (PBS sera, open symbols) sera (n ϭ 11) i.p. 1 day prior to challenge with 10 MLD 50 pH1N1/E3 (A, red circles) or PR8 (B, green squares). Weight loss (panels i; plotted data represent means Ϯ SEM) and survival (panels ii) were monitored daily for 2 weeks postchallenge. (iii) Virus lung titers. Mice passively immunized and challenged as described above were sacrificed at 3 and 6 days postchallenge to evaluate levels of replicating challenge virus in the lungs by IFA (n ϭ 3). Symbols represent individual mice; bars represent geometric mean lung virus titers, and the dotted line denotes the limit of detection (20 FFU/ml). Statistical analysis was performed using the Mann-Whitney test; * ϭ P Յ 0.05. §, no mice surviving at time of lung extraction.
upper respiratory tract (30) , and their respiratory tract anatomy and clinical symptoms are similar to those in humans (reviewed in reference 31). Additionally, contact-and aerosol-dependent transmission events occur in ferrets challenged with human H1N1 and H3N2 influenza A viruses (32) (33) (34) (35) . In ferrets receiving one or two doses of pH1N1/E3-sciIV, Abs were induced to levels similar to those induced within mice (Fig. 10A and 3A, respectively) . Compared to ferrets convalescing from influenza virus infection, those receiving the prime-boost of sciIV showed similar levels of both total anti-influenza IgG Abs (Fig. 10A) and Abs against the in situ-replicated NP (Fig. 10B) , whereas one dose elicited lower levels of both total and NP-specific Abs. As expected, and mirroring the response in mice, sciIV-immunized ferrets did not generate substantial anti-HA Abs (Fig. 10C and 3C, respectively) , although HAI results indicated low levels of seroconversion (Table 2) . In pH1N1/E3-sciIV-immunized ferrets, the challenge virus did not replicate in the nasal passages (Fig. 10D) , and this sterilizing immunity also prevented transmission through direct and aerosol contacts. In contrast, PBS-immunized ferrets all replicated the challenge virus in nasal passages and subsequently transmitted the virus through both direct and aerosol contacts. Taking the results together, animals vaccinated with pH1N1/E3-sciIV produced a quantifiable Ab response doses of blocking Abs (Ϫ2, 0, and 2 days postchallenge) or were given an IgG2b isotype control (green filled squares). All mice were challenged with 10 MLD 50 PR8, and weight loss (A; plotted data represent means Ϯ SEM) and survival (B) were monitored daily for 2 weeks postchallenge. (C) Virus lung titers. Mice immunized, depleted of T cells, and challenged as described above were sacrificed at 3 and 6 days postchallenge to evaluate levels of replicating challenge virus in the lungs by IFA (n ϭ 3). Symbols represent individual mice; bars represent geometric mean lung virus titers, and the dotted line denotes the limit of detection (20 FFU/ml). Statistical analysis was performed using the Mann-Whitney test; * ϭ P Յ 0.05. Statistical significance (P Յ 0.05) was also achieved in comparisons of each treatment group with the naive group (not shown).
that directly correlates with sterilizing immunity to a matched challenge that prevents transmission in ferrets.
DISCUSSION
Using reverse genetics techniques, we have engineered a recombinant influenza A virus (sciIV) that cannot undergo multicycle replication due to the lack of the HA gene. However, sciIV can be amplified in HA-expressing stable cell lines and appears to be a safe and protective vaccine against influenza virus infections in mice and ferrets. It is difficult to directly compare the immune response generated by sciIV with that of current vaccines (TIV and LAIV) because of their differences in replication, but the marked protection and HAI titer Ͼ 1:40 we observed are consistent with seroconversion and successful vaccination in human trials (10) . Vaccination with sciIV drives robust protection that is mediated by both T and B cells, as demonstrated by homo-and heterosubtypic challenge experiments.
The HA-deficient, reporter-expressing sciIV was first generated to evaluate NAbs using single-cycle HA-pseudotyped viruses. Because this virus still retains all the essential components for replication and transcription (PB1, PB2, PA, and NP), we sought to inoculate mice i.n. to mimic a single round of bona fide influenza A virus infection in vivo. Though the contribution of preexisting immunity to sciIV uptake has yet to be assessed, any hindrance of uptake can presumably be nullified in patients by pseudotyping with an HA that humans are not typically exposed to.
In addition to the use of sciIVs, alternative methods have been shown to be effective in overcoming the moderate efficacy of TIV while maintaining its tolerability profile. The elderly are a group particularly sensitive to influenza illness, and unfortunately, TIV has not been very effective in this population (36) . However, marked increases in HAI titers have been obtained when elderly patients aged 65 years and older received a high-dose formulation of TIV (37) , which is now recommended by the Advisory Committee on Immunization Practices (ACIP) (38) . Additionally, technologies that have proven successful in protecting against other pathogens have been applied to influenza virus with great success, albeit with a number of caveats. Vaccination with recombinant HA produced in insect cells induces humoral immunity ; squares) 1 day prior to being cohoused with a direct contact (DC; circles) and adjacent to an aerosol contact (AC; diamonds; n ϭ 3/group). Starting 2 days postchallenge and every other day following, nasal washes were collected and used to evaluate levels of replicating challenge virus by IFA. Symbols represent mean virus titers Ϯ SD; the dotted line denotes the limit of detection (20 FFU/ml). (39). The use of virus-like particles (VLPs) that contain the four influenza virus proteins HA, NA, M1, and M2 (40) has been shown to induce protection through the induction of protective Abs that either neutralize the virus or lead to antibody-dependent cell cytotoxicity (41, 42) . Lastly, VLPs that express tandem repeats of the highly conserved M2 ectodomain (M2e) (43) induce crossreactive Ab-mediated protection (41) . The drawbacks of these approaches lie in the reliance upon systemic, humoral protection and the lack of replication-induced immunostimulation. Also, all of the vaccine candidates, besides the M2e-based vaccines, generate an anti-HA response, which is ineffective when reassortant pandemic viruses emerge (44, 45) or when the vaccine is a poor match to the circulating seasonal strains (46) . In this study, we also sought to identify the mechanism by which sciIV protects. Several of our observations have led us to believe that both T and B cells are playing a role in protection. First, there appear to be three distinct phases of morbidity observed from mice that are protected by low doses of replicating sciIV. Over the first 2 to 3 days postchallenge, mice uniformly maintain body weight, suggesting the presence of an established protective environment, likely due to a primed innate environment or the induction of Abs. Mice then lose weight on days 4 to 7 but subsequently recover simultaneously with T cell peak lung accumulation (47) . Second, that we observed protection from homologous and heterologous virus challenge suggests induction of T cells that recognize internal, conserved epitopes (47, 48) . Our data suggest that sciIV-induced Abs alone can confer protection against only homologous virus challenge and not heterologous virus challenge. However, when addressing whether T cells alone were driving heterologous protection, we observed that CD4 and CD8 T cells contribute to protection.
Here, we have demonstrated that a recombinant single-cycle influenza virus stimulated robust immunity to influenza in both mice and ferrets. Due to current limitations of FDA-approved influenza vaccines in the United States, alternative methodologies are needed to help overcome the hurdle presented by this rapidly evolving human pathogen. We believe that sciIV holds promise not only to perform as a standalone vaccine prototype but also to enhance the current TIV approach or other protein-based approaches if the strains are delivered simultaneously. Administration of LAIV is limited to immunocompetent patients between 2 and 49 years of age, but like sciIV, LAIV vaccination mimics a natural infection and immunogenicity is strong in unexposed individuals (4). However, since sciIV is self-limiting, the patient range can potentially be broadened due to lower safety concerns. Recent effort has been redoubled for adapting existing egg-based vaccine technologies to mammalian cells (including recent FDA approval of MDCK-derived influenza vaccines [49] ) to limit the requirement of large quantities of eggs, reactogenicity issues, problems with maintaining antigenicity, and the time required from surveillance to vaccine distribution. By inclusion of the protein-coding region for HA into MDCK cells, as we have demonstrated, large quantities of sciIV vaccine stocks could be produced, though we have yet to test the adaptability of our system to growth in suspension. Indeed, seroconversion of patients by HI would not be applicable with our vaccination strategy, but a rapid ELISA could be employed that measures Abs against total influenza virus proteins. Beyond influenza, we hope that sciIV can be adapted for use as a vaccine vector for immunization against both influenza virus and other respiratory pathogens by replacing GFP with the ORF of a viral or bacterial immunogenic protein.
